Experiments on wind-aided firespread across an array of small diameter discrete fuel elements using a Particle Image Velocimetry (PIV) and thermocouple system were carried out in a specially designed wind tunnel at Northrop Grumman Space Technology. The rate of spread is determined using data gathered from thermocouples that were uniformly spaced within the fuel elements along the primary fire spread direction. The fuel consisted of a two dimensional array of identical, evenly spaced, wooden elements, positioned vertically in holes in a ceramic substrate. Utilization of this fuel bed allowed for repeatability of experiments. The effect on firespread rate was investigated for two different fuel loadings. A PIV system was used to investigate the various fluid dynamic structures present within a propagating fire front, and how firespread was influenced.
INTRODUCTION
Current operational fire behavior models like BEHAVE [1] and FARSITE [2] are prescriptive in the sense that extensive empirical data is utilized to predict fire spread through fuel complexes. Temporal and spatial evolution of a fire front rely extensively on real-time data including local terrain and vegetation maps, local weather, and field reports based on land and air reconnaissance. This approach works well for steady, wind-driven fires, with modest heat loads. It is challenged when the coupling with the atmosphere is significant, as might occur during intense burns or dangerous blow-ups [3, 4] . Part of the limitation arises because these models do not account for a two-way coupling between the fire and the unsteady fluid flow field around the fire, which in turn determines the role of turbulent convection on heat transfer. The next generation operational fire behavior models are expected to be descriptive, including accurate representation of flow physics. It will improve the model output that drives decision support planning. This will enhance decision support systems for improved planning, operations, management, and risk assessment. In addition, it will provide a sound scientific basis for predicting pollutant formation, emissions, and transport of pollutants over fire scale and beyond. The focus of the research results reported here is on obtaining an improved understanding of one aspect of wind-aided fire spread, viz., the interconnection between fire and the fluid velocity field in its immediate vicinity.
Fire spread in the presence of wind is a fundamental problem in fire research but its dynamics are not quantitatively understood. The role of wind on the spread of a fire has been widely studied to understand its impact on the heat transfer mechanism for preheating unburned fuel. Convective and radiative energy transfers are assumed to be the main mechanisms in current operational models to predict fire spread (i.e. the Rothermel model [5] ). Turbulent convection is considered to be an important heat transfer mechanism for preheating unburned fuel [6] . For laboratory-scale fire, Carrier et al. [6] reported that "convection and turbulent diffusion" are the main preheating mechanisms for wind-aided fire spread across an array of discrete fuel elements. In their experiments [7] that are similar to the ones reported here, they argue that the estimated radiative energy transfer to the unburned fuel is two orders of magnitude lower than preheating energy required for the fuel to attain a pyrolysis temperature, leading to the conclusion that a convective-diffusive balance is sufficient to explain their observed results. The main result of their theoretical analysis is that the steady-state rate of spread (ROS) for wind-aided fire spread across small diameter, discrete fuel elements is given by
where R is the rate of spread, U is the steady ambient wind speed, and m b is the (burnt) fuel load defined as the burnt fuel mass per unit fuel bed area. Carrier et al. (1991) 's model [6] was tested against data from laboratory scale experiments (including experimental data from Fons (1946) , Steward (1974) , Nelson and Adkins (1988) ) [8] [9] [10] . The trends of spread rate are reasonably consistent with the experiments [7] . Nevertheless, there was no data existing to describe the flow field of hot gas surrounding the fire front. The role of turbulent convection on the preheating process was not determined directly via experimentation [10] . A related scientific issue is the question of the existence of a steady state rate of spread. Recently [11] , it has been argued that the rate of spread is dependent on fire growth history, and depending on the type of ignition (point versus line), acceleration or deceleration may occur. The relevance of this issue to the present work is addressed further in this paper.
Due to the difficulty in measuring the velocity field in a spreading fire there is currently no available data that describes the small temporal and spatial scales involved in the fire vortices that help to determine fire spread [12] . Fire induced vortices are thought to be an important fire spread mechanism through both local dynamics and their ability to loft flaming objects into areas well removed from the former fire front [13] . The specific goal of the work reported herein is to successfully implement a particle image velocimetry (PIV) technique that enables direct quantitative measurement of the instantaneous flow field in the vicinity of a spreading fire. The unique aspect of this work is that the fuel bed, fire spread, fire dynamics, imposed wind, are all precisely controlled and repeatable as in [7] , but now the flow field is amenable to direct velocity measurements, which provides additional insight into fire spread dynamics.
EXPERIMENTAL SETUP

Fuel bed
A laboratory scale experiment was set up in a wind tunnel to observe the effects of wind on wind-aided fire spread through an array of discrete fuel elements as shown in Fig. 1 . The fuel samples used were bamboo skewers with diameter, length, and dry mass per unit length of 3.0 mm, 5.0 cm, and 0.062 g/cm, respectively. The dry-basis moisture content of fuel samples were in the range of 4.3-5.0% measured using an Arizona Instruments Computrac moisture analyzer. The fuel elements were inserted into an array of equally spaced holes over a 55.0 cm x 110.0 cm clay substrate. The depth of holes was 1.5 cm so the height of fuel above the substrate surface was 3. 
Wind tunnel
The experiments were conducted in a specially designed wind tunnel located at the Northrop Grumman Space Technology (NGST) campus in Redondo Beach, CA. The wind tunnel characteristics are described in more detail in [7] . Here a summary of the main features is presented. The wind tunnel test section has a cross sectional area of 1.0 m (width) x 1.0 m (height) and a length of 5.0 m. The lateral walls are made of transparent 0.5 cm thick pyroceram or pyrex material. A unique aspect of the NGST fire tunnel is that it has a movable ceiling that allows combustion products to rise without obstruction through an exhaust hood that is located 3.0 m above the fuel bed. This is accomplished manually by locating the downwind edge of the ceiling, just upwind of the spreading fire front, while maintaining a constant cross sectional area upwind of the fire front. This is aided by a video camera mounted on the movable ceiling, which provides a continuous view of the fire line. A system including a blower and a flow conditioning section produces an approximately uniform stream of low turbulence air throughout the length of the test section. A wind speed of 0.6 m/s was chosen for this study. Due to the amount of fuel being used in the high fuel loading case, a slight wind condition is required to maintain fire propagation. The slowest speed available at the Northrop Grumman wind tunnel is 0.6 m/s, thus 0.6 m/s wind condition is used for this study. The ambient conditions were not controlled. The ambient temperature and relative humidity were in the range of 288 K to 294 K and 49 % to 66 %, respectively. Each fuel loading condition was repeated at least two times for the same nominal values of input variables. Because conditions could be controlled precisely, the number of experiments performed for each case is adequate for this study. 
Thermocouple system
A set of eight 14 gauge (1.6 mm diameter) type K (bare chromel-alumel) thermocouples was used to record the temperatures of the fire within the fuel bed. Temperatures were recorded every 0.20 seconds and were taken along the centerline of the fire spread path with a 14.0 cm interval spacing between each thermocouple. Since the rate of spread was below 1.0 cm/s, the sampling rate of 5 Hz was deemed adequate for this study. The thermocouples were located at a height of 2.0 cm above the substrate surface (approximately at half the fuel element height) as shown in Fig. 2 . Radiation correction was applied [14] so that the temperature was corrected approximately 211 K for a maximum thermocouple reading of 1,171 K. 
PIV Setup
A PIV system shown in Fig. 3 was used to both observe the flow field within the fire front and to measure fluid velocity. To our knowledge, this is the first instance in which planar velocity field measurements have been made in the vicinity of a spreading fire. It has been used extensively in nonreacting flows, and in flows involving combustion [15, 16] . The PIV technique measures the velocity in a fluid by correlating images of the particle-seeded flow [17] . For these experiments aluminum oxide (Al 2 O 3 ) was utilized as the seeding particles. These particles were chosen for their high refractive index and high melting point (≈2345 K) [18] . A vertical laser sheet with a wave length of 532 nm was generated at 5 Hz (with energy of 388 mJ/pulse) by a double-pulsed Nd: YAG laser (Big Sky Laser Technologies, Inc, model CFR400) located 1.0 m from the downwind edge of fuel bed. The laser beam was expanded into a 567 mm high and 0.212 mm thick sheet to illuminate seed particles in a vertical plane within the test section. The edge of this plane corresponds to the line along which thermocouples are located in the fuel bed as described earlier.
The beam was expanded into a 20-degree diverging light sheet using sheet-forming optics, which includes a spherical lens (2000 mm focal length) and a cylindrical lens (15 mm focal length). A LASERPULSE Synchronizer (TSI Inc.) was utilized to trigger the laser pulse and the camera with correct sequences and timing through a 2.66 GHz dual-processor workstation (Intel® Xeon TM ). The laser sheet illuminated the Al 2 O 3 particles (with nominal diameter ranging from 10-44 µm) shown in Fig. 4 . A compressed air line with pressure of 517 kPa and flow rate of 24.5 l/minute was connected to the bottom of an aerosol generator containing the seed particles. The aerosol generator was based on the design by Glass et al. [19] . The seed particles within the aerosol generator are mixed by the incoming air and ejected out through the top of the aerosol generator which is connected to a transport line that is attached to a long length of steel tube (2.5 cm OD) placed along the centerline within the fuel bed. The seed particles are then injected horizontally into the fire through ports located along the length of the tube. Particle images were captured by a high resolution (1600 x 1192 pixel) POWERVIEW 2M CCD camera (TSI Inc., model 630151) with a 28 mm f/2.8 Nikkor lens and an exposure time 260 µs. A 532 nm filter was attached to the camera lens to reduce the luminosity of fire. The distance between the laser sheet and camera was 85.0 cm. The particle images were captured in a 27.0 cm (vertical) x 36.0 cm (horizontal) domain. The captured image is divided into small interrogation regions. The interrogation region in two consecutive image frames is cross-correlated with each other, pixel by pixel. This correlation produces a signal peak, which identifies the mean particle displacement in the plane of illumination for the interrogation region. The local velocity of the flow can be calculated taking into account the time delay between the two images. This process of interrogation is repeated for the whole image, thus the velocity field of the flow can be obtained. The frame straddling technique was applied to measure the velocity field (TSI Inc). Two sequential particles images with a time difference of 400 µs were used to find the velocity field in each interrogation region of 128 x 128 pixels using INSIGHT TM 3.5 software package (TSI Inc).
RESULTS AND DISCUSSION
Temperature and spread rate
From the thermocouple data (Fig. 5) we were able to calculate the rate of spread for the two loading cases. For these experiments two fuel element loading cases were considered, case 1 with a fuel loading m = 3.12 kg/m 2 and case 2 with m = 0.78 kg/m 2 . Temperatures range from ambient temperature to a maximum between 1300 K (in case 1) to 1600 K (in case 2). The temporal evolution shows that temperature rises gradually from nearly ambient values as the fuel is preheated (till about 400K), followed by a region in which the temperature rises rapidly within about 20 seconds, following arrival of the fire front. The temperature then drops relatively slowly as the thermocouple is convectively cooled by the incoming cold air. Using a reference temperature (500 K) and the distance between adjacent thermocouples (14.0 cm), the rate of spread was computed by noting the time each thermocouple required to reach the reference temperature. Figure 5a show the temperature reading for a case 1 experiment. The average rate of spread calculated from the four case 1 experiments is 0.26 cm/s. Figure 5b shows the thermocouple readings for a case 2 experiment. Average rate of spread determined from the two case 2 experiments performed is 0.59 cm/s. These findings are summarized in Table 1 . The higher ROS for case 2 can be attributed to the lower fuel loading. Column 4 in Table 1 is the burnt fuel mass per unit fuel bed area or the burnt fuel load as defined and used in [6] . Although line ignition is used, the initially linear fire front is bowed after the fire consumes approximately a quarter of the fuel mass, so that the rate of spread is highest along the centerline. No attempt was made to retain a rectilinear fire front as was done for example in Zhou et al. (2005) [20] . Furthermore, although Viegas (2004) [11] questions the existence of a steady state rate of spread, the R values reported in Table 1 represent an average value over the course of the experiment. Based on extensive laboratory scale experimentation involving fire spread through dead pine needles with dry-basis moisture content between 8 and 13%, and fuel loading ranging from 0.6 to 1 kg/m2, Viegas (2004) [11] has shown that the rate of spread following line ignition of a wind-aided fire decreased with time, while all other conditions were kept unchanged. This suggests that it is important to document the precise conditions under which the rate of spread is measured and reported. Shown in Fig. 5 is data from the two fuel loading cases examined in this paper. The deceleration in the observed rate of spread is consistent with Viegas (2004) [11] . Fire propagation is limited by the rate at which the fire can consume the fuel elements directly in front.
Since case 1 has a larger mass of fuel elements downwind of the fire front, the fire front cannot proceed until enough of the fuel elements have been consumed, and thus case 1 has a slower rate of spread. Another outcome of the larger fuel loading is an increase in residence time required to preheat the fuel elements downwind of the fire front which is observed through a comparison of the thermocouple data in Figs. 6a and 6b . Note that thermocouple 7 shows fire front arrival at approximately 360 seconds following ignition for the higher fuel load, while this time is about 170 seconds for the lower fuel load case. Another factor that influences fire spread is the flame tilt angle towards unburned fuels. Flame tilt angle influences fire spread by altering the view factor and regulating the amount of radiative heat transfer to the unburned fuels. To determine if the tilt angle of the flame in case 2 enabled the fire to propagate at a greater rate than in case 1, a flame tilt angle analysis was performed. In this analysis the flame tilt angle was measured from each PIV image from each experiment for both cases. For case 1 and case 2 the average flame tilt angles from the vertical were 41° and 44° respectively. The small differences in tilt angles alone should not be sufficient to increase the ROS in case 2 by a factor of 2.
PIV and thermocouple data analysis
Utilizing the PIV data it was possible to visualize the fluid dynamic structures present within and around a propagating fire front and to determine the effect those structure have on fire spread rate for the different fuel loading cases investigated. Figure 7 shows a sequence of PIV images recorded along with the calculated velocity vector field for case 1 (m = 3.12 kg/m 2 ). The length of the velocity vectors corresponds to the magnitude of the velocity. The time separation between successive images is 0.2 seconds. It is evident that seed particles are lifted by the flame, enabling measurement of velocities both in the luminous flame region and ahead of it. The largest velocities are measured within the fire front itself where the highest temperatures in the gas phase are expected. Velocities in this region varied from 1.5 m/s to 2.7 m/s. Also note that the velocity is measured within about 10 mm above the edge of the fuel elements, and in regions clearly within the fire front. Data in Fig. 7 shows empty regions in which the seed particle density is insufficient to enable measurement of fluid velocity. suggested by [6] and validated by [7] and present data in Table 1 , it is evident that
because of the higher loading in case 1, a higher intensity fire front is present which causes entrainment of ambient air under more turbulent conditions resulting in the formation of a vortex. Ambient air entrained by the fire as it approaches the fire front is heated. This heated air preheats the fuel elements and is then forced upward as it reaches the downstream side of the fire front. Heated air from this region is then recirculated to continue preheating the fuel elements downstream of the fire front. By investigating numerous images, it was found that for both cases 1 and 2 turbulent convection is present, but only in case 1 does it result in the formation of vortices. These vortices are an indication of intense forced convective activity which Carrier et al. [6] suggest as being the dominant mechanism for preheating of unburned fuel. In other words, the effects of turbulence to heat transport are significant. Figure 8b shows a PIV image for case 2, which shows no presence of vortices. From a detailed analysis of the PIV data it was observed that no significant vortices developed in any of the low fuel loading experiments. This indicates the smaller role of convection, or in other words, the turbulent flow contributes less significantly to fire propagation. From analysis of the PIV data we see that another reason that convective preheating plays a greater role in preheating of the unburned fuel elements in case 1 and not is case 2 is the critical velocity ratio required for the formation of vortices [21] . The higher upward buoyant velocity of the gaseous products of combustion in case 1 induced the vortices that are detected through the PIV analysis. Kuwana et al. [21] state that there is a critical velocity ratio ( ) U U > then vortices will not form. The absence of vortices reduces the possibility that the incoming air, which is heated as it approaches the fire front, will be re-circulated upon reaching the fire front and ambient air boundary. Without the vortices in case 2, convective heat transfer mechanism does not play a significant role in preheating the fuel elements downstream of the fire front. Absence of strong convection, in case 2, suggests that radiation plays a significant role in preheating the fuel downstream of the fire front. Radiative and convective preheating is present in both cases, but it is in case 1 that convective preheating begins to play a more significant role in preheating unburned fuel elements downstream of the fire front than in case 2. It is not a complete change of the heat transfer mechanism from radiative to convective preheating; but instead it is the degree to which the convective heat transfer mechanism is involved in preheating of unburned fuel. The larger fire intensity present in case 1 leads to the increased role of convective preheating. Fig. 9 . Data gathered from thermocouples located within the PIV viewing area.
The preheating in Fig. 8 is evident from the temperature plot shown in Fig. 9 . It is assumed that the fire front reaches thermocouple 3 at time t = 0. Thermocouple 4 shows that the fuel elements in that region are preheated for a longer period of time for case 1 (high fuel loading) than for case 2 (low fuel loading). During the period before the fire front reached thermocouple 4 (at time t = 0 s) the temperature is approximately 32 K less than that of the thermocouple reading during case 1. The same trend is evident from observation of the thermocouple 3 temperature data. A comparison between both cases (at time t = 0 s) shows that for case 2, the temperature before fire front arrival is approximately 50 K less than that of case 1. Figure 9 also shows a difference of approximately 32 K between the slopes of thermocouple 4 at case 1 and case 2. Due to the turbulent convection in case 1, the fuel elements are at a higher temperature when the fire front arrives. Without the strong convective mechanism the fuel elements downstream of the fire front depend on the proximity of the fire front to provide the required hot convective air to preheat the fuel elements. This results in a shorter preheating period followed by a sharp increase in temperature when the fire front arrives at location where thermocouple 4 is located. Since these are small scale laboratory experiments the temperature difference due to the turbulent convection is low, but for larger scale fires this effect is expected to be even more pronounced leading to the greater preheating temperature difference downstream of the fire front.
SUMMARY AND CONCLUSION
Utilizing a particle image velocimetry (PIV) and thermocouple system, fluid dynamic structure and temperature data were gathered that assisted in the investigation of wind-aided fire spread across an array of small diameter discrete fuel elements in a low speed wind tunnel operating at a wind speed of 0.6 m/s. The fuel samples used were bamboo skewers with diameter, length, and dry mass per unit length of 3.0 mm, 5.0 cm, and 0.062 g/cm, respectively. The unique aspect of this work is that the fuel bed, fire spread, fire dynamics, and imposed wind are all precisely controlled and highly repeatable. From the data acquired, it was determined that experiments conducted at a higher fuel loading of 3.12 kg/m 2 (based on total dry fuel mass per unit fuel bed area), resulted in a lower rate of spread (0.26 cm/s), higher intensity fire front, and development of strong vortices was present. For this high fuel loading, the vortices captured through the use of the PIV system indicated the presence of turbulent convection that preheated the fuel elements further ahead of the fire front. This preheating was observed in the thermocouple data. When the fuel loading was reduced by a factor 4 to 0.78 kg/m 2 , the recorded temperatures before the fire front reached the thermocouples were lower. The difference in temperatures is attributed to the non-existence of significant turbulent convection in the low fuel loading case. Through the use of the PIV system we were able to capture images of wind-aided firespread, which resulted in the computation of the velocity vector fields upstream and downstream of the spreading fire and within the fire front. To our knowledge, this is the first instance in which planar velocity field measurements have been made in the vicinity of a spreading fire. The average rate of spread is inversely proportional to the square root of the burnt fuel mass load, consistent with theoretical predictions in the literature. The reduction in the rate of spread as the initially rectilinear fire front propagates through the fuel bed is also consistent with predictions reported in the literature. Although results are promising, further work is required to better understand the unsteady flow effects on fire spread. A detailed investigation of the fire dynamics was limited by the relatively low PIV image capture rate of 5 Hz. Sampling at higher rates is important especially at higher wind velocities, which have not yet been investigated. Modification of the fuel loading for each experimental case was achieved by varying the space between individual fuel elements, which will inevitably influence the drag forces of the flow within the fuel bed. However, the influence of fuel element spacing on the flow within the fuel bed was not investigated. Most likely, the amount of oxygen provided to the flame zone will be affected. The larger quantity of fuel will hinder the flow of oxygen into the flame zone, thus combustion within the flame zone will be affected. Performing a scaling analysis would be useful to determine if the results attained from the NGST experiments can be utilized to predict fire spread in a large-scale forest fire [22, 23] .
